INTRODUCTION
In humans, synthetic and processed biological grafts have not been entirely successful in replacing or bypassing small-caliber arteries (5-mm diameter and smaller). Vascular grafts for replacement of larger blood vessels are employed with a reasonable rate of success, although none or hardly any endothelial lining develops in these grafts. Since vascular endothelium represents a unique nonthrombogenic surface, endothelialization might, in general, improve the efficacy of grafts. Endothelialization can be promoted by seeding of endothelial cells in the graft during surgery.*t3
The development of a complete endothelial lining of the graft inner surface depends on endothelial cell function, flow conditions and polymer surface characteristics such as wettability, charge and r o~g h n e s s .~
The importance of polymer surface wettability for cell adhesion was reported in 1960J5 and was later confirmed in other ~t u d i e s .~,~ Cell adhesion preferentially occurs onto water wettable substrates like tissue culture polystyrene (TCPS) and is promoted by the adsorption of some serum proteins from the culture medium.
The adsorption of serum derived fibronectin (which is slightly different from the cellular fibronectin') onto various substrates has been shown to depend on the wettability of the surfaces and on the serum concentration of the culture rnedi~m.'~-'~ Competition between the adsorption of fibronectin (Fn) and other serum proteins such as albumin (Alb), immunoglobulin G (IgG), lipoproteins,4.18 a-1-antitrypsin and a-2-ma~roglobulin~~ may explain the dependence of Fn adsorption on the serum concentration.
In the absence of serum proteins, cell adhesion onto surfaces is promoted by the cellular secretion of protein(s) like Fn.7fs As reported before,20 human endothelial cells (HEC) adhere, spread and proliferate on(to) TCPS, when seeded in culture medium containing 20% human serum. However, reduced or no adhesion of HEC is observed upon polyethyleneterephthalate (PETP, Dacron) and fluoroethylenepropylene copolymer (FEP, Teflon) respectively. We have suggested that the observed differences in HEC adhesion onto TCPS, PETP, and FEP is due to differences in the surface wettability of these polymers; this in turn results in qualitative and quantitative variations in the composition of the adsorbed protein layer.
We have previously shown that the adhesion of HEC onto "uncoated" or serum precoated PETP increased after the pretreatment of this material with Fn, fibrinogen (Fb) or plasma. 21 Alb, high-density lipoprotein (HDL) and IgG precoating of PETP inhibited the HEC adhesion.
In this article we present data regarding the relationship between protein adsorption to TCPS, PETP, and FEP and the interaction with HEC. The effect of protein precoating of these polymers on subsequent adhesion and proliferation of HEC was investigated. Furthermore, the adsorption of Fn, Alb, HDL, and IgG from solutions of different serum concentrations was studied by means of an enzyme immunoassay (EIA22,23). The composition of the adsorbed protein layer on these surfaces was related to the adhesion of HEC.
MATERIALS AND METHODS

Materials
Tissue culture polystyrene (TCPS) was obtained from Costar, Cambridge, MA, USA. Cellular interaction studies were carried out with six-well tissue culture clusters (each well has a test surface area of 10 cm'); 24-well tissue culture clusters were used for protein adsorption studies (with a test surface area of 2 cm2 per well). Polyethyleneterephthalate (PETP, Melinex polyester film, type 0) was obtained from ICI, Rotterdam, The Netherlands. Fluoroethylenepropylene copolymer (FEP, film type 500A) was purchased from Du Pont de Nemours, Geneva, Switzerland.
Proteins used for precoafing of the materials
Crude fibronectin, (Fn', coproduct from cryoprecipitate preparation of coagulation factor VIII, 2% solution (w/v) in complete medium) was obtained from the Central Laboratory of the Netherlands Red Cross Blood Transfusion Service (CLB), Amsterdam, The Netherlands. Because substrata, used for the routine culture of HEC, are precoated with this fibronectin preparation (see Methods) the effects of other proteins on the cell adhesion (proliferation) were compared with the effect of Fn'. However, Fn' may contain fibrinogen and for this reason it was also purified (Fn) as described by Ruoslahti et al." Fn was dissolved in phosphate buffered saline (PBS) (50 pg/mL).
Human serum albumin (Alb, 20% solution (w/v) ) and immunoglobulin G (IgG, 6% solution (w/v) ) were also obtained from CLB.
High-density lipoprotein (HDL, 100 pg/mL medium M199, see below), was a gift of Dr. V. W. M. van Hinsbergh, Gaubius Institute, Leiden, The Netherlands. HDL was obtained from one male blood donor and dialyzed twice against phosphate buffered saline (PBS, obtained from NPBI, EmmerCompascuum, the Netherlands) and medium M199 (from Gibco Biocult Co., Paisley, U. K) .
Fibrinogen (Fb, 50 pg/mL in PBS) was purchased from AB Kabi, Stockholm, Sweden. CPDAl-plasma (further called plasma), pooled from 6 healthy male donors and whole blood serum (further called serum, pool of 20 healthy male donors) were obtained from the Red Cross Bloodbank Twente, Enschede, The Netherlands.
Buffers and proteins used for protein adsorption studies
PBS, supplemented with 0.005% Tween-20 (obtained from Sigma, St. Louis, MO, USA) was used as washing buffer in the protein adsorption studies. For the enzyme immunoassay (for the subsequent steps, see Methods) the following buffers were used. First antibody buffer consisted of 8.7 g/L NaC1, 6.1 g/L Tris (Merck, Darmstadt, FRG), 0.02% (v/v) 0.21% (w/v) gelatin (Merck) and 0.5% (w/v) bovine serum albumin (BSA, obtained from Sigma) with pH adjusted to 7.5. The conjugate buffer had the same composition as the first antibody buffer except for the concentration of BSA which was 5%.
The leuko dye solution consisted of 100 mmol/L sodium acetate, pH = 5.5 and 165 p L 3, 3, 5, 5-tetramethyl benzidine (Fluka AG, Buchs, Switzerland). To 10 mL of this solution 10 pL of a 3% peroxide solution (Merck) as the enzyme substrate were added.
Rabbit sera directed against human Fn, human Alb, and human IgG were obtained from CLB. These antisera were diluted 100-fold with first antibody buffer. The antiserum against human HDL, i.e., against apoprotein A-1 of HDL, was purchased from Behringwerke AG (Marburg, FRG) and diluted 10-fold with first antibody buffer.
Sheep antirabbit IgG (SKIgG), covalently bound to horse radish peroxidase was obtained from United States Biochemical Co. (Cleveland, OH, USA). Unlabeled SKIgG was purchased from CLB. SKIgG was diluted 200-fold with unlabeled SKIgG, followed by a 1000-fold dilution with conjugate buffer.
Methods
Cell culture, adhesion, and proliferation
Endothelial cells were isolated from human umbilical cord veins according to the method originally described by Jaffe et al.24 with some modifications.E After isolation, endothelial cells were cultured and subcultured, when confluent, in TCPS flasks (Corning, NY, USA) precoated with partially purified fibronectin (Fn'; see above). The endothelial origin of the cultured cells was identified by their polygonal morphology and the secretion of von Willebrand factor (see below).
The culture medium consisted of complete medium, which is an equal mixture of Medium M 199 and Medium RPMI 1640 (both from Gibco Biocult Co., Paisley, U.K.), with 2mM L-glutamine (Merck), 100 U/mL penicillin, 100 pg/mL streptomycin (both from Flow Lab., Irvine, U.K.) and 2.5 pg/mL fungizone (Gibco), which was supplemented with 20% human serum.
For adhesion and proliferation experiments cells were used after the second or third passage when cultures had reached confluence. Harvesting of cells for subcultures and for experiments was performed by trypsinization (0.05% trypsin/0.02% EDTA). Thereafter, trypsin was inactivated by the addition of culture medium containing 20% serum. Cell counting (by means of a hemocytometer) was performed after incubation of the adhering cells with trypsin solutions of different concentrations (concentrations between 0.05% and 0.5%).
Adhesion of HEC onto polymeric surfaces was determined at 30 minutes, 1, 2, and 6 h after seeding 4 x lo4 cells/cm2 in the presence of culture medium containing 20% serum.2o In order to determine the adhesion of HEC onto surfaces in serum-free medium, the cells were washed three times with complete medium before seeding in the same medium; adherent cells were counted at 30 min.
Proliferation of HEC on surfaces was studied for 8 days after seeding at a density of 1 x lo4 cells/cm2. Refreshment of culture medium and cell counts were performed at 2-day intervals.
Data are presented as the mean values of three counts and are either expressed as number of cells/cm2 or as the percentage of cells ( 5 S.D.) adhering onto TCPS precoated with FnC (reference surface).
Secretory functions of HEC, which had grown to confluence upon different surfaces, were investigated. The production of the endothelial marker von Willebrand factor25 and of prostacyclin were measured as follows. HEC were washed twice with RPMI-1640 and incubated for 1 hr with serum-free medium (control) or serum-free medium supplemented with 10 p m Ca2+-ionophore A23187 (Boeringer, Mannheim, FRG). The serum-free medium consisted of an equal mixture of 1% (w/v) human serum albumin (CLB), 10 pg/mL insulin from bovine pancreas (Sigma, St. Louis, USA), 20 pg/mL transferrin (Sigma) and the antibiotics mentioned above.% Von Willebrand factor was measured in the cell supernate as antigen in an immunoradiometric assay according to Ruggeri et al., 29 with some modifications including the use of monoclonal antibody to von Willebrand factor.30 Prostacyclin was measured as its stable hydrolysis product 6-keto-prostaglandin-Fla by radioimmunoassay, using antiserum kindly provided by Dr. J. A. Salmon (Wellcome Research, Beckenham, U.K.).31 The values of von Willebrand factor and 6-keto PGFla are the mean of three incubations.
Specimens of PETP and FEP, used for both the study of cellular interactions and protein adsorption, were cleaned ultrasonically with a 1% detergent solution (RBS 25, Hicol, Rotterdam, The Netherlands) for 30 min, followed by extensive rinsing with distilled water and ethanol. After drying, the specimens were either mounted in a modified "Bionique" growth chamber (Corning, NY, USA),20 that was used for the study of cellular interactions, or in a specially constructed 24-well chamber used for the protein adsorption studies (each well has a test surface area of 1 cm'). For cell proliferation studies the films of PETP and FEP were sterilized by autoclaving. This treatment did not alter the surface wettability of the materials, as measured by the captive bubble method." TCPS, in the form of 24 well-clusters, was used as received from the manufacturer.
The ratio of the volume of the protein solution (mL), used for precoating of the materials, to the apparent polymeric surface area (cm2) was 0.2. Protein precoating was carried out for one hour at room temperature. Thereafter, the protein solution was removed and the wells of the growth chambers or 24-well chambers were washed with PBS.
Protein adsorption sfudies
Protein adsorption to polymer surfaces was studied by means of a two step enzyme immunoassay (EIA) which permits the selective detection of Fn, Alb, HDL and IgG.22,23 The EIA was modified from a 96-well-plate assay to a 24-well-plate assay in order to measure protein adsorption to polymeric films such as PETP and FEP.
Briefly, for each well the following assay procedure was employed: First, 200 pL/cm' of protein solution or PBS (used as a blank) was applied. After one hour the protein solution was removed and the test surfaces were rinsed three times with washing buffer. This washing procedure was also carried out after the subsequent steps. Then 200 pL/cm2 of first antibody solution was added, followed by 200 pL/cm2 of enzyme labeled second antibody (contact time in both cases 1 hr). The enzymatic (color) reaction started after the addition of 200 ,uL/cm2 of substrate and leuko dye solution. The reaction was carried out in the dark during 30 min and was terminated by the addition of 100 ,uL/cm2 of 4N sulphuric acid. Part of the dye solution (250 pL) was pipetted into a 96-well-plate (A/S Nunc, Roskilde, Denmark) and the absorbance was measured at 450 nm (A-450) with a multiscanner (Reader Micro Elisa System, Organon Teknika, Turnhout, Belgium). When the absorbance exceeded the value of 2.0, the test samples were diluted before measurement.
The data, presented as relative protein adsorptions, are the mean values of three measurements (? S.D.) and based on measured extinction coefficients.
RESULTS
Cell adhesion and proliferation in serum-containing medium onto materials precoated with protein solutions
Polymer surfaces precoated with FnC, Fn, Fb, or plasma generally demonstrated increased numbers of adherent cells as compared to the noncoated materials (Figs. 1,2, and 3) . At 30 min, cell adhesion to TCPS precoated with Fb or plasma was slightly less when compared with Fn'-or Fn-precoated TCPS; serum precoating of TCPS resulted in an adhesion rate similar to that of the Fb precoated surface (Fig. 1) .
Alb, HDL, and IgG were found to delay the adhesion to TCPS during the first hour after cell seeding (Fig. 1) . After 6 hr the number of adherent cells was about the same, whether or not TCPS was precoated with one of these proteins. All adherent cells had completely spread.
Precoating of PETP with serum showed no difference in cell adhesion as compared to the uncoated surface (Fig. 2) . Microscopically, the adhering cells showed a "spiderlike" structure, quite distinct from the progressive flattening of cells occurring upon TCPS. The inhibition of cell adhesion by Alb, HDL and IgG preadsorbed onto PETP (Fig. 2) continued for at least 6 hr: some cell adhesion was observed, but complete spreading of cells did not occur. Increased cell adhesion, followed by progressive flattening, occurred after precoating of PETP with Fn", Fn, Fb, or plasma.
Cell adhesion onto FEP only occurred after precoating of FEP with FnC, Fn, Fb, or plasma (Fig. 3) . Adhesion upon these surfaces was followed by cell spreading. HEC did not adhere onto uncoated, serum-, Alb-, HDL-, or IgGprecoated FEP.
Cell proliferation was examined during 8 days. Cells proliferated upon TCPS, whether it was precoated with a protein solution or not. Proliferation only occurred on PETP and FEP, when these polymers were precoated with FnC, Fn, Fb, or plasma. The proliferation rates on these surfaces were similar as compared to the proliferation of cells on the reference surface (TCPS-FnC) Figure 1 . Adhesion of HEC (X103 cells/cmz) to uncoated and protein precoated TCPS. 4 X lo4 cells/cm2 were seeded in culture medium containing 20% serum. Cell counts were performed at 30 min and 1, 2, and 6 hr. (Fig. 4) . Confluent HEC, stimulated by the Ca2+-ionophore A23187, released similar values of von Willebrand factor and prostacyclin as compared with confluent HEC upon the reference surface ( Table I ). The production of von Willebrand factor and prostacyclin by HEC on surfaces precoated with Fn was higher than that of HEC on Fb-precoated surfaces. 1 x lo4 cells/cm* were seeded in culture medium containing 20% serum. Cell counts and refreshing of the culture medium were carried out at 2, 4, 6, and 8 days. The ratio of the culture medium volume to the surface area was 0.2 mL/cmZ.
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Adsorption of Fn, Alb, HDL, and IgG onto polymer surfaces from solutions of different serum concentrations
The differences in cell adhesion, observed when Fn, Alb, HDL, or IgG was used for precoziting, prompted the study of the adsorption of these proteins from serum-containing culture medium. Different serum concentrations were obtained by dilution of the serum-containing culture medium with PBS. Subsequently, TCPS, PETP, and FEP were exposed to solutions of different serum concentrations for one hour. The protein adsorption data are shown in Figures 5 and 6 . Figure 5 shows the differences in Fn adsorption between the three materials. Maximal adsorption of Fn was observed upon TCPS at a concentration of 0.1% serum. Relatively small amounts of Fn were detected upon PETP and FEP. Both materials showed a small increase in the adsorption of Fn at a concentration of 0.1 % serum. Similarly to Fn, IgG reached maximum adsorption onto TCPS at 0.1% serum concentration (Fig. 5b ). An increase in the adsorption of Alb and HDL onto TCPS occurred with increasing serum concentrations (Fig. 5c, d ).
Smaller amounts of Alb, HDL and IgG were detected upon PETP; the HDL adsorption increased with increasing serum concentration while maximal adsorptions of Alb and IgG were found at 0.01 and 0.1% serum, respectively. Relatively small amounts of these proteins adsorbed onto FEP (Fig. 5b, c, d ).
Cell adhesion under serum-free conditions onto surfaces preexposed to solutions of different serum concentrations
The adhesion of HEC onto surfaces preexposed to solutions of different serum concentrations was measured after 30 min. In order to prevent an exchange of adsorbed proteins for proteins present in the culture medium, HEC were seeded under serum-free conditions. HEC adhesion onto TCPS varied between about 50 and loo%, as compared to the adhesion observed onto TCPS precoated with Fn' (Fig. 6) ; maximal adhesion of HEC occurred after pretreatment of TCPS with 0.1% serum. A strong decrease in HEC adhesion was observed when TCPS was exposed to 1 and 10% serum. The course of this adhesion curve more or less corresponds with the adsorption isotherm of Fn, as is also shown in Figure 6 . At low serum concentrations no cell spreading was observed using the light microscope. Especially the nonspreading HEC hardly detached after (mild) trypsinization. Therefore, a more concentrated trypsin solution was used for the detachment of these cells. The same treatment was used for detachment of cells from uncoated PETP. Pretreatment of TCPS with solutions containing increasing amounts of serum resulted in increased cell spreading.
HEC adhesion onto PETP varied between 10 and 40% of the cellular adhesion observed onto the reference surface (not shown). Minimal adhesion of HEC occurred to PETP pretreated with 1 or 10% serum. Cell spreading did not occur after exposure of PETP to solutions of low serum concentrations. 
DISCUSSION
This study demonstrates that coverage of the (more) hydrophobic materials PETP and FEP by endothelial cells only occurred after precoating of these materials with FnC, Fb or plasma (Figs. 1, 2, and 3) . Surface precoating with these proteins was not a prerequisite for proliferation of HEC on the moderately wettable TCPS, although the adhesion of HEC on this material was accelerated during the first 2 hr after pretreatment with these proteins (Fig. 1) . Cells, which had proliferated to confluency upon the different surfaces, were positively identified as endothelial cells by their secretion of von Willebrand Factor. Confluent HEC also produced prostacyclin (Table I) .
The results concerning the adhesion of HEC onto protein precoated TCPS and PETP (Figs. 1, 2) were analyzed statistically in order to determine whether the observed differences in cell adhesion were caused by the type of protein used for precoating. The following linear model was used for the analysis:
where the type of protein was a categorical variable and time a regression variable. In this type of experiments the variability of all experiments is typically much larger than the variability within three counts at the specified times, which gives the appropriate error term for statistical significance. The experiments should therefore be analyzed in primarily quantitative terms, as only the strong effects can be expected to generalize to other experiments.
The significance of all factors was found to be much higher when tested against the variance within three counts at the specified times, which ranged from 5-10% of the total variance. Quantitatively, the main result with respect to TCPS (Fig. 1) is, that the course of adhesion over time on this surface depends on the precoating. Alb, HDL, IgG, and uncoated TCPS show a relatively low initial adhesion, compared to Fn"), Fb, plasma and serum. A different pattern is observed with PETP (Fig. 2) where the main effect is that adhesion as such, irrespective of time, varies as a function of precoating. Alb, HDL and IgG show the lowest adhesion, followed by serum precoated and uncoated PETP.
In contrast with PETP and FEP protein desorption from the (moderately wettable) TCPS may have 0~curred.l~ Fn, from the serum-containing culture medium or from cellular origin, may have replaced preadsorbed Alb, HDL, and IgG. Preliminary studies indicate that the deposition of cellular Fn is more important than the adsorption of Fn from the serumcontaining culture medium. Other adhesive proteins, such as ~i t r o n e c t i n ,~~-~~ von Willebrand factor and t h r o m b~s p o n d i n~~,~~ are possibly also involved in the adhesion ol HEC.
Our results also show that the adsorption of serum Fn onto polymer surfaces strongly promotes the adhesion of HEC (Figs. 5a, 6 ). This protein adsorbed onto TCPS from serum and solutions of various serum concentrations. Only small amounts of Fn could be detected on PETP and FEP (Fig.  5a ). Evidently the affinity of Fn for FEP is too small to allow HEC to adhere to this polymer surface. PETP which is less hydrophobic than FEP possibly adsorbs more Fn than FEP, although this conclusion can hardly be drawn from Figure 5a . If more Fn adsorbs to PETP compared to FEP it may account for the fact that some HEC adhesion to PETP takes place.
It must be mentioned here that one limitation of the applied enzymeimmunoassay is that the interaction of the antibodies with adsorbed proteins may be affected by the orientation in which the proteins adsorb onto different polymer surfaces. Moreover, during the adsorption process conformational changes of protein molecules may occur. Therefore, differences in reactivity toward antibody molecules may take place. Consequently, small differences in absorbances of the generated dye, measured for the adsorption of a protein to different materials, do not automatically imply that differences in adsorbed amounts of protein really exist.
+ time x type of protein Our Fn-adsorption results are in accordance with published data showing the higher affinity of Fn for (moderately) wettable polymers as compared to more hydrophobic polymers.10-U,'5,17,18,32 We found maximal Fn adsorption on TCPS (Figs. 5, 6 ) at a serum concentration of 0.1%, which is in agreement with other report^.'^^^,^^ Grinnell" suggested that low concentrations of plasma proteins may enhance the affinity of Fn for surface adsorption sites by influencing the orientation in which Fn adsorbs. Preferential adsorption of Alb and HDL onto TCPS from solutions of serum concentrations above 0.1%, may explain the decrease of Fn adsorption and possibly as a result a diminished adhesion of HEC. The fact that Fn adsorbed to TCPS from the undiluted culture medium in which large amounts of other serum proteins are present, indicates that this polymer shows a relatively high affinity for Fn. This also suggests that Fn, which is deposited by the cells, will not easily be exchanged for other proteins present in the culture medium.
After exposure of polymer surfaces to solutions of low serum concentration (or no serum at all), a direct adhesion with incomplete spreading of HEC to the material surface occurs which made the detachment of the cells by trypsinization difficult. This direct adhesion also depends on surface wettability, since decreasing numbers of HEC adhered to PETP and FEP as compared to TCPS. Such a cell adhesion probably occurs through attraction of cells by polar-and/or hydroxyl groups on the modified TCPS surface (which is possibly glow discharge treated polystyrene).
Fn adsorption onto materials from plasma was also reported to be maximal after diluting plasma to 0.1%.
Experiments carried out by Grinnell" showed that Fn also adsorbs to surfaces from whole blood. He observed a marked increase in Fn deposition on surfaces if the blood were clotted by the addition of thrombin or Ca2+. Fn adsorption to polymer surfaces from whole blood may be important with regard to HEC overgrowth and biocompatibility of vascular grafts. This is indicated by the observation that Fn precoating of Dacron and Teflon vascular grafts, in combination with endothelial cell seeding, improves the in vitru and in vivu endothelialization rate of such grafts,3w when compared to uncoated grafts.
It is not yet known, whether vascular grafts made of moderately wettable polymers adsorb more Fn from whole blood than vascular grafts made of hydrophobic materials. In this respect one observation seems relevant: the grafting of acrylic acid onto woven Dacron, which resulted into moderately wettable grafts, showed a significant haemotolerant and haemodynamic improvement during one year follow-up studies.41
From our results it is concluded that TCPS, in contrast to PETP and FEP, gives rise to the adsorption of serum proteins which favor the adhesion of HEC. Of the polymer surfaces studied, adsorption of Fn only occurs onto TCPS, with a maximum at 0.1% serum concentration. Maximal cell adhesion onto TCPS is also observed after exposure to a solution containing 0.1% serum. Alb and HDL, which inhibit or delay cell adhesion, preferentially adsorb after pretreatment of TCPS with solutions of higher serum concen-tration, thereby decreasing the cell adhesion. After desorption of proteins which inhibit cell adhesion and their replacement by, e.g., cellular Fn, cell spreading upon TCPS may start. Endothelialization of PETP and FEP only occurs after precoating with proteins which promote cell adhesion, such as Fn.
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